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www.rsc.org/dalton 2 ligands were synthesized. The optoelectronic properties of all complexes have been fully characterized by UV-visible absorption, cyclic voltammetry and emission spectroscopy. The conclusions drawn from these studies have been corroborated by DFT and TDDFT calculations.
The four complexes were assessed as emitters in light-emitting electrochemical cells. Complex 1a, [Ir(ppy) 2 (2,5-dpp)]PF 6 , was found to be a deep red emitter (666 nm) both in acetonitrile solution and in the electroluminescent device. Complex 2a, [Ir(ppy) 2 (2,5-tpy)]PF 6 was found to be an orange emitter (604 nm) both in solution and in the LEEC. LEECs incorporating both of these complexes were stable over the course of around 4-6 hours. Complex 1b,
[Ir(dFMeppy) 2 (2,5-dpp)]PF 6 , was also determined to emit in the orange (605 nm) but with a photoluminescent quantum yield (Φ PL ) double that of 2a. Complex 2b, [Ir(dFMeppy) 2 (2,5-tpy)]PF 6 is an extremely bright green emitter (544 nm, 93%). All four complexes exhibited quasireversible electrochemistry and all four complexes phosphoresce from a mixed chargetransfer excited state.
Introduction.
Light Emitting Electrochemical cells (LEECs) are a promising type of solid-state lighting device.
1 The first operational LEEC was reported by Pei et al. and consisted of a mixture of conjugated luminescent materials and a conductive polymer in an ionic environment. 2 Following this seminal contribution a second class of emissive materials, phosphorescent ionic transition metal complexes (iTMCs), was explored in an effort to simplify the design. 3 The main advantages of LEECs as solid-state lighting devices are: (i) simple device architectures; (ii) operation that is insensitive to the work function electrodes resulting in the use of air stable electrodes such as Al, Au and Ag and removing the requirement for encapsulation; and (iii) facile and inexpensive processability through spin coating from polar, benign solvents such as acetonitrile (ACN) permitting access to large area lighting panels. Broadly, the mode of operation in a LEEC relies on the redistribution of mobile ions within the emissive layer upon the application of an external voltage. This redistribution generates an interfacial electrical double layer at each contact, resulting in a thinner charge injection barrier in the device. 4 Holes and electrons migrate within the emissive layer through a hopping mechanism and recombine to form an exciton, which radiatively decays producing light.
Of the large number of iTMCs incorporated into LEECs to date the best performing are cationic heteroleptic iridium(III) complexes of the form [(C^N) 2 Ir(N^N)] + . This observation is unsurprising given the generally high photoluminescent quantum yields (Φ PL ), the relatively short emission lifetimes (τ e ) for these phosphors and the ease with which this class of complexes can be color tuned. 5 Though there is a plethora of example of cationic iridium complexes emitting in the blue-green, the yellow and the orange in acetonitrile solution, there are many fewer reports of examples of green (λ max near 530 nm) 6 or deep red emission (λ max > 640 nm).
Scheme 1. Synthesis of 2,5-dpp and 2,5-tpy N^N ligands and their corresponding iridium complexes 1a-2b.
Cyclic voltammetry. The electrochemical behavior of 1a-2b was investigated by cyclic voltammetry (CV) in deaerated ACN solution containing nNBu 4 PF 6 as the supporting electrolyte and using Fc/Fc + as an internal standard at 298 K. All potentials are referenced to SCE (Fc/Fc + = 0.38 V in ACN). 11 The electrochemistry data are summarized in Table 1 . The CV behavior was reproducible at the faster scan rate of 200 mV . s -1 . The CV traces for 1a-2b are shown in Figure 1 . UV-Visible absorption spectroscopy. The UV-visible absorption spectra for 1a-2b were recorded in aerated ACN at 298 K and are shown in Figure 2 . The calculated molar absorptivities, ε, are reported in Table 2 . As with many cationic heteroleptic iridium complexes of the form [(C^N) 2 Ir(N^N)] + the absorption spectra exhibit several characteristic features. Of note, the absorption spectrum of 2a resembles that reported by Vos and co-workers. 9 The high energy and high intensity bands around 250 nm are assigned to the spin-allowed ligand centered Solution state photophysical behavior. The steady state emission spectra for complexes 1a-2b were recorded in degassed ACN at 298 K and are shown in Figure 3 with the associated photophysical data summarized in Table 3 . The emission profiles are broad and featureless with emission maxima spanning from 544-666 nm. Typically, broad and unstructured emission spectra result from mixed CT states. 5a,6c,17 Complex 1a emits in the deep red at 666 nm, which is blue shifted by 50 nm from our previous report of 710 nm owing to the use of uncorrected data from a different spectrometer (vide infra). 5a Despite this large hypsochromic shift the remaining compound and optoelectronic characterization is entirely congruent with our previous report and remains one of the reddest-emitting cationic iridium complexes reported to date. The photoluminescent quantum yield, Φ PL , for 1a is 2.6%. Though the emission for 1b and 2a is essentially isoenergetic, the Φ PL for 1b of 13.1% is twice that of 2a (6.3%). These results support the reduced non-radiative vibrations of C-F bonds compared to C-H bonds. Notably, 2b is extremely brightly, with a Φ PL of 93%, one of the highest photoluminescent quantum yields reported to date! Indeed, there are very few examples of bright green-emitting cationic iridium complexes reported in the literature (cf. a dF-3MeppyH = 2-(2,4-difluoro-3-methyl)pyridine; dFMeppyH = 2-(2,4-difluorophenyl)-5-methylpyridine; dtBubpy = 4,4'-di-tert-butyl-2,2'-bipyridine; 3-CF 3 ppy = 2-(3-trifluoromethylphenyl)pyridine; phen = 1,10-phenanthroline; 4-MeSO 2 ppy = 2-(4-methylsulfonylphenyl)pyridine; bpy = 2,2'-bipyridine; SB = 4,5-diaza-9,9'-spirobifluorene. The counterion for all complexes is PF 6
-b recorded in acetonitrile solution; c recorded in dichloromethane solution.
The emission lifetime, τ e , for 1a was found to be biexponential. However, the long component is similar in magnitude that the monoexponential decays observed for 1b and 2a. Interestingly, whereas Bolink 7m and co-workers reported very short emission lifetimes for [Ir(ppy) 2 (tpy)]PF 6 of 68 ns and a Φ PL of 1.7% in DCM, the data for 2a support a much smaller non-radiative rate constant and a photophysically more stable complex. Fluorinated complexes 1b and 2b exhibit longer emission lifetimes than their non-fluorinated congeners. Complex 2b has a τ e of 1.81 µs, which is nearly ten fold longer than that observed for 2a. As the emission becomes bluer along the series k nr decreases in concert with the energy gap law while k r increases.
Theoretical Calculations.
Density functional theory (DFT) and time-dependent DFT (TDDFT) studies were performed to model the geometries and electronic properties of the four complexes in this study.
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Computations were performed with Gaussian 09 21 using the following DFT protocol at the B3LYP 22 level of theory with the SBKJC-DVZ 23 basis set for iridium, 6-31G* for heavy atoms directly coordinated to iridium and 3-21G* for all other atoms 23a,24 in the presence of the solvent (ACN). The nature of lowest energy triplet state (T 1 ) for 1a-2b was calculated using spin-unrestricted UB3LYP after optimization of the geometry. The spin densities for the T 1 state for 1a-2b are shown in Figure 8 . The topologies of the spin densities for 1a, 1b and 2a perfectly match the superposition of the topologies of the electron densities of their respective HOMO and LUMO, strongly suggesting that the emissive state is mixed 3 CT in nature. TDDFT calculations support this assignment and attribute the T 1 state for these three complexes to a LUMO➞HOMO transition. Indeed, the observed broad and unstructured emission at 298 K in ACN corroborates the computational picture. The spin density for 2b is relatively more localized on the 2,5-terpy ligand, suggesting an increased 3 LC contribution to the 3 CT T 1 state. TDDFT calculations described a T 1 state consisting of three transitions: LUMO➞HOMO-5 (12%), LUMO➞HOMO-3 (21%) and LUMO➞ HOMO (59%), supporting this complex assignment. The emission spectra obtained at 298 K however remained unstructured and thus the 3 LC contribution must be minor.
The emission energy was ascertained using three different methodologies and these results are summarized in Table 5 . The calculated adiabatic energy was determined as the difference between the T 1 and S 0 states in their respective optimized geometries (E AE ). The emission energies predicted by TDDFT (E TDDFT ) for the S 0 ➞T 1 monoexcitation are based on the optimized S 0 geometry and result from a spin-restricted calculation. The emission at 298 K was computed (E em ) from the vertical energy difference between the T 1 and S 0 states at the optimized geometry of the T 1 state. 6i The calculations match to within 3.4% relative error the experimental emission measured at 298 K. 
Device Characterization
Electroluminescent devices of layering Al/LiF/iTMC/PEDOT:PSS/ITO were tested at constant current under nitrogen atmosphere in a glovebox. Complexes 1a and 2a yielded electroluminescent devices of appreciable brightness and stability. However, the devices from the fluorinated complexes 1b and 2b were highly unstable and short-lived and so their electroluminescence properties beyond their EL spectra are not presented. Figure 9 . Electroluminescence from Al/LiF/iTMC/PEDOT:PSS/ITO devices for iTMCs based on 1a, 1b, 2a and 2b. Devices were driven at a constant current of 1.5 mA.
In Figure 9 we show the electroluminescence (EL) spectra of the 1a, 1b, 2a, and 2b The luminescent half-lives of these devices, the time to decay from L max to ½L max , are 380 min and 250 min for 1a and 2a, respectively. The external quantum efficiency (EQE) data of 1a and 2a electroluminescent devices is presented in Figure 11 . Complex 2a complex gives a peak photons/electron ratio of 0.37%, while 1a achieves a maximum of 0.08%.
The higher performance of the 2a device compared to the 1a device and the better device performance of the a complexes over the b complexes (data not shown) correlates with the trend of the HOMO levels: 2a (-5.76 eV) < 1a (-5.86 eV) < 1b (-6.05 eV) < 2b (-6.14 eV). That is, 2a
has the lowest oxidation potential and facilitates more efficient hole injection. This would suggest that hole injection is the limiting factor in these devices, plausible considering the offset between the HOMO of each complex and the work function of PEDOT films (4.7-5.4 eV). 27 Overall, the strategy of extending conjugation of the N^N ligand of iridium iTMCs produces devices with appreciable luminance and lifetime and red-shifted electroluminescence. Figure 11 . The external quantum efficiency versus time for Al/LiF/iTMC/PEDOT:PSS/ITO devices for iTMCs 1a and 2a.
Conclusions.
In this study, we reported the synthesis of four cationic iridium complexes and we investigated their optoelectronic properties. Complex 1a was found to be a deep red emitter in acetonitrile solution while complex 2b was a very bright green emitter (Φ PL = 93%); complexes 1b and 2a were orange emitters. These complexes were integrated into LEEC devices. While the devices incorporating the fluorinated complexes 1b and 2b proved to highly unstable, devices based on 1a and 1b resulted in deep red and orange-red emission with stabilities of 380 and 250 minutes, respectively. Notably, the LEEC with 1a, possessing CIE coordinates of (0.681, 0.328),
is very close to the saturated red primary and among the reddest iridium iTMC devices to date. 2,5-Di(pyridin-2-yl)pyrazine (2,5-dpp). The synthesis was run analogous to our previsouly reported protocol but using 4.35 mmol of 2-bromopyridine. 28 mmol, 2.2 equiv.) in 10 mL of dry THF was added via cannula.
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The mixture was then stirred 2 hours at room temperature and added via cannula to a mixture of 2,5-dibromopyridine (0.100 g, 0.42 mmol, 1.0 equiv.) and Pd(PPh 3 ) 4 (0.048 g, 10 mol%) in 10 mL of dry THF at room temperature. The mixture was stirred under nitrogen overnight at 65 °C.
The solid was filtered, washed several times with Et 2 O and dissolved in 30 mL of saturated EDTA and 15 mL of saturated Na 2 CO 3 in water. The mixture was stirred for 1 h and the solid was filtered, washed several times with water and dried over reduced pressure to obtain a a brownish solid. The crude product was purified by alumina column using hexane/ethylacetate (7:3) and isolated 71 mg of beige solid that was found to be analytically pure. was added drop by drop to the aqueous phase to cause the precipitation of a solid. The suspension was cooled to 0 °C for 1 h, filtered and the resulting solid was washed with cold water. The crude solid was purified by flash chromatography on silica gel using DCM to DCM/Acetone (9/1) or DCM + 5% NEt 3 to DCM/Acetone (9/1) + 5% NEt 3 .
[ ( 154.76, 151.52, 150.77, 149.77, 149.44, 149.38, 149.22, 148.55, 144.73, 143.87, 143.53, 141.70, 139.18, 138.49, 138.43, 137.44, 131.26, 130.95, 130.17, 128.66, 125.73, 124.66, 124.60, 124.55, 123.36, 123.26, 122.63, 122.55, 121.77, 119.68 164.34, 164.23, 161.84, 161.74, 159.04, 158.91, 156.53, 156.40, 153.32, 147.15, 147.09, 141.84, 135.63, 135.34, 129.91, 129.89, 129.68, 128.76, 128.69, 124.00, 122.53, 122.47, 120.79, 120.69, 116.22, 116.03, 98.65, 9.38, 98.14, 56.28, 55.91 . 167.13, 155.20, 151.30, 150.38, 149.94, 149.17, 149.01, 148.68, 143.82, 143.76, 139.08, 138.40, 138.22,137.31, 136.24, 131.27, 131.21, 128.11, 124.56, 124.23, 124.05, 123.21, 123.18, 122.37, 122.25, 120.76, 119.60, 119.53, 116.99 160.65, 155.08, 153.53, 153.22, 150.62, 149.91, 149.06, 148.89, 148.70, 139.90, 139.40, 138.48, 137.30, 136.55, 134.34, 128.27, 127.82, 124.94, 124.63, 124.14, 122.88, 122.78, 120.93, 117.02, 113.73, 113.53, 113.37, 98.60, 98.33, 98.06, 16.82 The sample solutions for the emission spectra were prepared in Ar-degassed dry ACN. Emission spectra were recorded at room temperature using a Cary Eclipse 300 fluorimeter. The samples were excited at the absorption maxima of the dominant low-energy 1 MLLCT band as indicated in Table 2 was used as the pseudoreference electrode; a glassy-carbon electrode was used for the working electrode and a Pt electrode was used as the counter electrode. The reference was set using an internal 1 mM ferrocene/ferrocinium sample at 380 mV vs SCE in acetonitrile. The redox potentials are reported relative to a standard calomel electrode (SCE) with a ferrocenium/ferrocene (Fc + /Fc) redox couple as an internal reference (0.38 V vs SCE).
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Device Fabrication. Indium Tin Oxide (ITO) substrates (Thin Film Devices) were first cleaned by hand scrubbing with non-ionic soap and water and then further cleaned in an ultrasonic water bath. Subsequently, the substrates were subjected to UV ozone cleaning for 10 minutes.
PEDOT:PSS (Clevios AI 4083) solutions were filtered through a 0.45 µm filter and then spin coated onto ITO substrates to reach a target thickness of 90 to 100 nm. The PEDOT:PSS films were baked at 100 ºC for 10 minutes to remove water. Samples were then transferred into a nitrogen glove box with oxygen and water levels lower than 1 ppm for the remaining steps. All iTMCs were dissolved in acetonitrile at a concentration of 24 mg/mL and heated at 80 ºC for 10 minutes. These solutions were passed through a 0.1 µm filter and spin coated onto the PEDOT:PSS covered ITO substrates, yielding active layer thicknesses of around 100 nm.
Following this, the samples were baked at 120 ºC for 60 min to remove solvent. Samples were transferred into a thermal evaporator to deposit 1 nm of LiF and 80 nm of Al through a shadow mask to define twelve devices each with a 3 mm 2 area. A 760D electrochemical analyzer from CH Instruments (Austin, TX) was used for electrical testing. Radiant flux measurements were obtained with a calibrated Labsphere integrating sphere and photodiode, with photocurrents measured with a Keithley 6485 Picoammeter. An Ocean Optics Jazz spectrometer was used to measure the electroluminescence.
